A three-dimensional cloud model was used to investigate the sensitivity of deep convective storms to dry air above the cloud base. In simulations of both quasi-linear convective systems and supercells, dry air aloft was found to reduce the intensity of the convection, as measured by updraft mass flux and total condensation and rainfall. In high-CAPE line-type simulations, the downdraft mass flux and cold pool strength were enhanced at the rear of the trailing stratiform region in a drier environment. However, the downdraft and cold pool strengths were unchanged in the convective region, and were also unchanged or reduced in simulations of supercells and of line-type systems at lower CAPE. This result contrasts with previous interpretations of the role of dry air aloft in the development of severe low-level outflow winds.
Introduction
In recent decades numerous studies have examined the sensitivity of deep convection to both thermodynamic and kinematic properties of the larger-scale environment within which the convection exists. Certain key environmental properties have been found to exert strong and predictable influences on the structure and evolution of convection, including vertical wind shear (e.g., Thorpe et al. 1982) , convective available potential energy (CAPE; e.g., Weisman and Klemp 1982) and the height of the lifting condensation level (McCaul and Cohen 2002) . The investigation of environmental influences on deep convection has proven to be highly fruitful, despite the practical difficulty of strictly defining the convective environment (Brooks et al. 1994; Markowski and Richardson 2007) .
An aspect of the convective environment that is frequently cited in relation to midlatitude severe thunderstorms is the relative humidity of the air above the cloud base. In the severe storms literature, low relative humidity in the lower or middle troposphere above the cloud base is generally regarded as favorable for the formation of strong evaporatively driven downdrafts (Johns and Doswell 1992; Gilmore and Wicker 1998) . Consequently, dry air aloft is often perceived by forecasters as an ingredient for the production of damaging straight-line winds, particularly in widespread episodes known as derecho events (Johns and Hirt 1987) . Thus, in the context of midlatitude storms, the role of dry air aloft is interpreted primarily as influencing the downdraftforming process. However, in the literature on tropical convection, environmental humidity is most often discussed in terms of its effects on the updraft entrainment process. The presence of dry air in the environment of convective updrafts is believed to be detrimental to convective intensity, and the environmental humidity has been recognized as an important factor in the regulation of convective activity over the tropical oceans (Brown and Zhang 1997; Parsons et al. 2000) . A contrast therefore exists between the most widespread perceptions of the influences of dry air on midlatitude and tropical convection. This study seeks to clarify the effects of dry air aloft on deep convection by using a high-resolution numerical model to conduct idealized sensitivity tests.
In elucidating the effects of environmental humidity, it is useful to distinguish between the direct effects of surrounding dry air on convective overturning and the ''indirect'' effects that only become apparent when lifting is applied to the environment. If dry air resides above relatively moist air, then lifting can result in efficient destabilization as the lapse rate and CAPE increase; this process is known to be important in some convective events (Carr and Millard 1985) . However, a uniformly moist environment is unable to experience significant destabilization from lifting. Thus, dry air aloft can be regarded as indirectly influencing convection by regulating the effects of vertical motion on the stability of the environment. Although the lifting of dry air may be a crucial element in some convective scenarios, this study seeks to examine only the direct effects of dry air in the absence of externally imposed vertical motion. Further research is needed to quantify the relative magnitudes of dry air-regulated stability changes and the direct effects discussed here.
Although the presence of unusually dry (or moist) air in the environment of strong convective storms has been addressed peripherally in a number of past modeling efforts, there have been few rigorous investigations of the subject. In an oft-cited study, Gilmore and Wicker (1998) simulated supercell thunderstorms in environments having dry layers of varying strength and height and found that low-level cold outflow within the first hour was considerably enhanced when dry air was present aloft, except when the dry air was located above 3 km and the wind shear was greater than 50 m s 21 over 6.7 km. Dry air aloft led to a greater propensity for outflow-dominated supercells, and overall storm intensity, as measured by maximum vertical velocity, was reduced substantially after the first hour. Gilmore and Wicker (1998) concluded that downdraft strength is enhanced by dry air aloft, but suggested that their experiments should be repeated with ice microphysics.
This study discusses simulations of both quasi-linear convective (''line type'') systems and supercells in which the sensitivity to dry air above the cloud base was tested. Section 2 describes the modeling framework that was used, section 3 discusses the results, and section 4 addresses the interpretation of the existing literature in view of the new results.
Methodology a. Model setup
The cloud-simulating model of Bryan and Fritsch (2002) and Bryan (2002) was used in this study; this model has been used in previous idealized modeling studies (e.g., Bryan et al. 2006; Kirshbaum et al. 2007 ). The numerical model was configured to solve the compressible governing equations in a three-dimensional framework, using a horizontally homogeneous base state into which one or more warm, moist bubbles was introduced to initiate convection. The sensitivity to environmental moisture was tested by systematically altering the vertical structure of the base state as described below. Simulations were run for 6 h in the line-type simulations, with horizontal and vertical grid spacings of 400 and 250 m, respectively. The supercell simulations were run for 2 h, using a horizontal grid spacing of 250 m, and a vertical grid spacing that expanded from 125 m at the ground to 250 m above 7.5 km.
The integration of the governing equations was accomplished using the Runge-Kutta technique as formulated for compressible models (Wicker and Skamarock 2002) , with fifth-order spatial discretization and no additional artificial diffusion. The subgrid turbulence parameterization is based on the turbulence kinetic energy scheme of Deardorff (1980) . Unless otherwise stated, the National Aeronautics and Space Administration (NASA) Goddard version of the Lin et al. (1983) microphysical scheme was used (Braun and Tao 2000) , with hail selected as the large ice category; this scheme represents five species of water condensate (cloud droplets, cloud ice particles, rain, snow, and hail). The Coriolis force was not included, and no surface fluxes or radiative heating were included.
In the line-type simulations, the geometry of the convection was accommodated by using a model domain that extended for 80 km in the along-line direction and 400 km in the across-line direction. The lateral boundary conditions were periodic in the along-line direction and open radiative in the across-line direction. The domain size for the supercell simulations was 120 km 3 100 km, the longer dimension being the direction of the upperlevel wind, and in these experiments open-radiative boundary conditions were used on all lateral boundaries. The top and bottom boundaries of the domain were flat in all cases, with free-slip boundary conditions; the vertical size of the domain was 20 km, and a Rayleigh damping layer was applied above 16 km to reduce the reflection of gravity waves from the upper boundary.
Convection was initialized in the squall-line simulations with a line of bubbles having a positive temperature and water vapor perturbation, spaced 20 km apart across the short dimension of the model domain. The bubbles were placed 2.5 km above ground, with a maximum temperature perturbation in each bubble of 3 K, and a maximum relative humidity of 95%. The supercell simulations were initialized with a single bubble having the same characteristics. Random potential temperature fluctuations of magnitude up to 0.1 K were included in the initial state throughout the domain.
b. Base-state sounding generation
Base-state soundings were constructed using separate methods for the line-type and supercell simulations. In the simulations of quasi-linear systems, it was desirable to explore a broad range of CAPE values, leading to the use of the technique of James et al. (2006) , which builds upon the approach of McCaul and Weisman (2001) . Using this method, the shape of the vertical profile of buoyancy can be preserved in environments having varying CAPE. The analytic form of the buoyancy profile is given in James et al. (2006) ; line-type convection was simulated in environments having CAPE of 1500, 3000, and 4500 J kg
21
. The profile compression parameter m was set to 0.8 when the CAPE was 3000 or 4500 J kg
, implying maximum parcel buoyancy at 6.9 km above the top of the surfacebased mixed layer. However, when the CAPE was 1500 J kg
, using this value of m required undesirably large perturbations at initialization to generate long-lived quasi-linear systems; therefore m was raised to 3.2 in the low-CAPE simulations, corresponding to maximum buoyancy at 3.9 km above the mixed layer top. The vertical scale height H was 12.75 km, and the equilibrium level and tropopause were placed 13.0 and 11.0 km, respectively, above the top of the mixed layer.
In all of the line-type simulations, the mixed layer top was placed at the height of the fifth model level at 1.125 km above ground level (AGL), and the conditions at the mixed layer top were specified by a pressure of 900 hPa, relative humidity of 95%, and equivalent potential temperature (u e ) of 345 K. The temperature and mixing ratio profiles in the mixed layer were then obtained by assuming that u e was constant and that the potential temperature increased with height at a rate of 1 K km
. The latter constraint was chosen to prevent shear-generated mixing in the boundary layer; thus, the subcloud layer was not truly well mixed, but it is nevertheless referred to as the ''mixed layer'' herein.
For the control simulations of the line-type systems, the relative humidity in the troposphere above the mixed layer top was specified according to the analytic profile:
where z is the height above ground, z trop is the height of the tropopause, and z mix is the height of the mixed layer top. The effects of varying midtropospheric humidity were then investigated by introducing to the base state a domainwide layer spanning seven model levels (1.5 km) in which the relative humidity was reduced; the height of the center of the dry layer was initially set to 3.375 km AGL. At the five model levels in the center of the dry layer, the relative humidity was reduced to 10%, and at the top and bottom level within the dry layer, the relative humidity was reduced halfway to 10%. Additional experiments were performed using the low-CAPE (1500 J kg 21 ) sounding in which the relative humidity was reduced only to 50% and to 70% in the dry layer. Within the dry layer, the temperature was adjusted to preserve the virtual temperature that was specified by the analytic buoyancy profile; thus, the CAPE and the vertical distribution of buoyancy were unchanged in the sensitivity tests with dry air. Two pairs of base states having CAPE of 4500 and 1500 J kg 21 respectively are shown in Figs. 1 and 2. The control base state in the supercell simulations employed the analytic sounding of Weisman and Klemp (1982) with a low-level mixing ratio of 14 g kg
, in order to facilitate comparison with previous studies. As in the line-type simulations, a dry layer was introduced for the sensitivity test; however, owing to the smaller vertical grid spacing, the dry layer spanned 9 model levels (1.54 km) and was centered at 3.39 km AGL.
In the simulations of the quasi-linear convective mode, the base-state wind profile contained line-perpendicular shear only in the lowest 2.5 km, and zero along-line winds; this shear profile is typical of many squall-line studies. For the soundings with CAPE of 4500 J kg 21 , the magnitude of the shear was 17.5 m s
, but for lower values of CAPE the shear was 10 m s 21 to facilitate the development of an upshear-tilted mode of organization. The supercell experiments employed the quarter-circle supercell hodograph of Weisman and Rotunno (2000) ; the 0-6-km length of the hodograph was 35 m s 21 , with constant winds above 6 km; the bulk Richardson number (Weisman and Klemp 1982) was 27.
Results

a. Quasi-linear convective systems
In each of the simulations initialized with a line of warm bubbles, a long-lived convective system was generated, consisting of a quasi-linear region of deep convective updrafts and downdrafts oriented perpendicular to the wind shear, and a trailing stratiform region that expanded rearwards in a shear-relative sense. The evolution of the systems over the 6-h duration of each simulation was consistent with previous conceptual models of squall-line evolution (Weisman et al. 1988; Lafore and Moncrieff 1989) . However, significant differences were observed between environments having different stability and humidity characteristics. In the discussion that follows, the simulations having a dry layer in the base state will be referred to as ''dry'' simulations, whereas simulations not having a dry layer will be called ''moist'' simulations. The terms ''high-CAPE,'' ''moderate-CAPE,'' FIG. 1. Base-state soundings with CAPE of 4500 J kg 21 for (a) the control (moist) relative humidity profile and (b) having a dry layer centered at 3.375 km AGL with minimum relative humidity of 10%. Fig. 1 , but for a CAPE of 1500 J kg 21 and with minimum relative humidity of 70%.
FIG. 2. As in
and ''low-CAPE'' will refer to the environments having CAPE of 4500, 3000, and 1500 J kg 21 , respectively.
1) UPDRAFT PROCESSES
The effect of dry environmental air on the updraft mass flux in the line-type simulations is shown in Fig. 3 . For the purpose of defining an updraft, Cohen (2000) was followed (i.e., a grid point was classified as an updraft point if the vertical velocity was greater than 0.5 m s 21 and the sum of the cloud water and cloud ice mixing ratios was greater than 0.01 g kg 21 ). In every experiment, the updraft mass flux was reduced in the presence of dry air through most of the depth of the troposphere. In the low-CAPE environment, a dry layer having relative humidity of 10% was so detrimental that a long-lived convective system was unable to develop; thus, the dry result shown in Fig. 3 for CAPE of 1500 J kg 21 represents the mass flux when the dry layer humidity was reduced to only 70%. In this case, a very modest decrease in humidity (cf. Figs. 2a,b) still caused a significant drop in updraft mass flux.
The low-level (sub-2-km AGL) updraft mass flux exhibited a different sensitivity to dry air aloft, because in the mature stages of the convective systems, the lowlevel ascent was dominated by forced lifting above the leading edge of the surface-based cold pool. The lowlevel mass flux therefore varied in response to changes in the cold pool strength. In the high-CAPE simulations, the cold pool strength was similar within its leading portion in the moist and dry environments, and thus the low-level updraft mass flux was largely unchanged when dry air was present. However, at lower values of CAPE, the cold pool intensified more slowly and tended to be weaker in the dry simulations, leading to a modest reduction in the updraft mass flux at low levels. Cold pool characteristics are discussed further in section 3a(2).
The distinction between the low-level dynamically forced lifting and the midlevel buoyancy-driven ascent is evident in Fig. 4 , which depicts an along-line average of the vertical mass flux for the mature stages of the high-CAPE simulations. Immediately above the gust front is an updraft mass flux maximum associated with the intense slablike lifting at the leading edge of the cold pool; the secondary maximum in updraft mass flux between 3 and 10 km above ground and 10-20 km rearward of the gust front is caused by buoyancy-driven ascent. A very similar structure in the mass flux cross section was present in all of the line-type simulations in their mature stages. Dry air was observed to weaken the midlevel updraft maximum in every instance compared to the corresponding moist simulation. When the CAPE was 3000 J kg 21 or less, the low-level updraft maximum was also reduced in strength, but in the high-CAPE simulations the low-level maximum was largely unchanged.
Alternative measures of the overall convective intensity are provided by the total condensation and rainfall, which were consistently reduced in the presence of dry air (Fig. 5) . The total mass of each species of condensate was also reduced (not shown). The sensitivity of the domain-wide maximum vertical velocity was also examined, and it was found that dry air caused little change to the largest updraft velocities in the mature stages of the long-lived convective systems. In the first 2-3 h of the simulations, however, the peak updraft velocities tended to be weakened by dry air, especially under low-CAPE conditions. 21 , the relative humidity in the dry layer was reduced to only 70%; the dry layers in the higher-CAPE simulations contained 10% relative humidity.
The effect of dry air on updrafts is further evident in the distribution of u e at updraft grid points between 6 and 9 km AGL (Fig. 6 ). In the drier environments, the u e distribution was shifted to lower values, reflecting the presence of drier environmental air that was entrained into the updrafts. Also notable is the higher median of the distribution at lower CAPE, resulting from the much lower entrainment rate in the less unstable environment; the entrainment process is discussed further below.
It should be noted that all of the long-lived convective systems retained their quasi-linear morphology throughout the simulations, and that the presence of dry air did not cause significant differences in organizational mode. This is illustrated by Fig. 7 , which shows the lowest-level rain mixing ratio and wind, as well as the vertical velocity at 6 km AGL, at 3 h in the high-and moderate-CAPE simulations. When the sounding included dry air, the convective mode was unchanged, but the rainfall rate was reduced and the midlevel updrafts were reduced in size; the effect was much more pronounced at lower CAPE.
In each of the measures of convective intensity, a clear sensitivity to CAPE was observed in the effects of dry air aloft. When the CAPE was 4500 J kg
21
, the overall intensity of the convection was reduced modestly, but the influence of dry air was relatively minor. However, in the lower-CAPE environments, dry air caused a much more significant decrease in convective intensity. As previously noted, when the CAPE was 1500 J kg 21 , a long-lived convective system was precluded altogether when the relative humidity in the dry layer was 10%; the same was true for a dry layer with relative humidity of 50%. The dramatic sensitivity of the domain-wide total condensate mass to the dry layer humidity is shown in Fig. 8 . A dry layer having relative humidity of 70% (Fig. 2b ) caused a reduction in condensate mass of approximately 25% at times after 1.5 h, but a reduction to 50% humidity or lower led to the rapid demise of the convection. In response to a suggestion by an anonymous reviewer, the simulation with 50% humidity in the dry layer was repeated with reduced vertical grid spacing of 150 m; this change caused an even more rapid decay of the convection after 2 h, suggesting that the inability to sustain convection in the dry environments was not caused by insufficient vertical resolution.
The reduction in the midlevel updraft mass flux, the condensation rate, and the condensate mass in a dry environment reflects the well-known effects of environmental dry air on updraft growth through entrainment. , the relative humidity in the dry layer was reduced to only 70%; the dry layers in the higher-CAPE simulations contained 10% relative humidity.
As discussed by Kain and Fritsch (1990) , for example, reduced environmental humidity causes greater evaporative cooling when cloud air mixes with environmental air, so that a mixture of cloud and environmental air is less likely to be positively buoyant. In a moist environment, by contrast, most mixtures are positively buoyant. Thus, according to the buoyancy-sorting model of Raymond and Blyth (1986) and Kain and Fritsch (1990) , the rate of entrainment is enhanced when the environmental humidity is relatively high.
To illustrate the dependence of the mixing process on the environmental humidity, and to understand the sensitivity to CAPE that was observed in the simulations, a simple calculation of mixed parcel properties was performed. Figure 9 shows the density temperature perturbation of mixed air arising from the mixing of updraft and environmental air in varying fractions. The density temperature (Emanuel 1994 ) is defined by
where T is the temperature, q y is the water vapor mixing ratio, « is the ratio of the specific gas constants of dry air and water vapor, and q t is the total water mixing ratio. The density temperature perturbation is defined relative to the density temperature of the base state, and is directly proportional to the thermal buoyancy (Doswell and Markowski 2004) . The mixed parcel properties were derived from the weighted combinations of the moist enthalpy and total water mixing ratio of the updraft and environmental air; both of these quantities are conserved in the idealized (isobaric, closed system) process (Emanuel 1994) . For the calculations shown in Fig. 9 , the updraft air was assumed to contain liquid water with a mixing ratio of 2 g kg
, and the updraft density temperature perturbation was 2.0 K. An environmental temperature of 270 K was used, and the pressure was 700 hPa. Figure 9 shows that lower environmental humidity expands the range of mixing fractions resulting in negative buoyancy; conversely, positive buoyancy in the mixed parcel is restricted to smaller fractions of environmental air. This suggests that fewer mixing events result in positive buoyancy when dry air is present, although the probability distribution of mixing fractions in a real cloud is uncertain (Cohen 2000) and could itself depend on the environmental humidity. Neglecting the possible sensitivity of the distribution of mixing fractions to environmental conditions, the simple calculations depicted in Fig. 9 confirm the notion that drier environmental air reduces the likelihood of a mixed parcel attaining positive buoyancy and therefore being entrained into the updraft.
The mixing calculations were repeated for updraft parcels having a range of T r perturbations from 0 to 5 K, and for environmental air having a range of relative FIG. 6 . Probability density function of equivalent potential temperature within updrafts between 6 and 9 km AGL at 5 h in the moist (solid lines) and dry (dashed lines) line-type simulations having CAPE of (a) 4500 and (b) 3000 J kg 21 .
humidity from 0% to 100%. For each combination of updraft density temperature and environmental humidity, the maximum fraction of environmental air resulting in positive buoyancy in the mixed parcel was obtained. The maximum buoyant fraction for all updraft-environment combinations is shown in Fig. 10 . As expected, lower environmental humidity causes a reduction in the maximum buoyant fraction, for all updrafts having a T r perturbation below approximately 4.1 K. Above this temperature, no amount of mixing can render the updraft air negatively buoyant, because the complete evaporation of liquid water from the updraft fraction provides insufficient cooling; thus, all mixtures would be entrained in the buoyancy-sorting model. Figure 10 also clearly shows that a change in environmental humidity from near 100% to a lower value causes a larger reduction in the range of positively buoyant mixing fractions when the updraft temperature perturbation is lower. For example, a drop in relative humidity from 95% to 70% reduces the maximum buoyant fraction from 0.8 to 0.4 when the updraft T r perturbation is 1 K; in this case, dry air would be expected to significantly reduce the rate of entrainment.
For an updraft T r perturbation of 3.5 K, the same drop in relative humidity reduces the maximum buoyant fraction from approximately 0.95 to 0.72, implying a less severe reduction in entrainment rate. Updraft air parcels having T r perturbations above 4.1 K remain positively buoyant regardless of the amount of mixing.
Using this simple model of the mixing process, a qualitative understanding of the observed sensitivity to CAPE is obtained. Assuming a comparable vertical profile of buoyancy (as in the analytic soundings used here), relatively high CAPE implies that the average buoyancy of updraft parcels is higher at each level. The probability of a mixing event leading to negative buoyancy is therefore reduced, and the rate of entrainment is enhanced compared to a low-CAPE scenario. Moreover, the presence of dry air causes a smaller reduction in the entrainment rate when CAPE is high, as the range of positively buoyant mixing fractions remains relatively high. Convection in a high-CAPE environment is therefore better able to withstand the detrimental effects of dry air, as the entrainment rate is less sensitive to low environmental humidity. Conversely, low-CAPE convection is highly dependent on having a humid environment in order to grow by entrainment. This distinction may explain why tropical convection is widely perceived as being weakened when dry air is present, whereas midlatitude convection, which often benefits from much higher CAPE, is not typically regarded as being hindered by dry air aloft. The results reported here are consistent with previous modeling studies (e.g., Kain and Fritsch 1990; Cohen 2000) , and with observational work (e.g., Brown and Zhang 1997; Parsons et al. 2000 ). An important distinction, however, is that the results of this study are relevant specifically to the effect of midlevel relative humidity, in the absence of any significant changes to CAPE or convective inhibition (CIN). Some previous investigations have discussed the effects of tropical dry intrusions in terms of the accompanying increase in CIN (Parsons et al. 2000) or reduction in the depth of the near-surface layer of high u e (Kingsmill and Houze 1999) . Similarly, Cohen (2000) attributed the benefits of increased humidity partially to the deepening of the near-surface layer of positive CAPE. In all of the sensitivity tests reported in this section, however, the CAPE of air parcels originating at or below 2.625 km AGL was identical in the moist and dry simulations. The vertically integrated CAPE (ICAPE; Mapes 1993) was also unchanged to within 2% in these simulations, showing that dry air hinders updraft growth by processes other than the reduction of the CAPE of potentially buoyant parcels.
2) DOWNDRAFT PROCESSES
The along-line averaged structure of the downdraft mass flux in the line-type simulations with moderate and high CAPE is depicted in Figs. 11 and 12 . In the early stages of the simulations, the downdraft mass flux was concentrated in a narrow zone immediately behind the intense updrafts at the leading edge of each system, with a peak magnitude below 3 km AGL. As the convective systems matured, the downdraft mass flux weakened in this ''forward zone,'' and a secondary maximum in downdraft mass flux (the ''rearward zone'') developed at the rear edge of the stratiform region, with a peak mass flux As an example, the maximum buoyant fraction for the updraftenvironment combination depicted in Fig. 9a is 0.81. The updraft air contains liquid water with a mixing ratio of 2 g kg 21 ; the environmental air has a temperature of 270 K and the pressure is 700 hPa. between 2 and 4 km AGL. The two distinct regions of downdraft formation are a characteristic feature of mature squall lines, as documented by Zipser (1977) .
When dry air was present in the moderate-CAPE environment, the downdraft mass flux was reduced in both the forward and rearward zones (Fig. 11) ; the same effect was observed in the low-CAPE simulations (not shown). However, when the CAPE was 4500 J kg
21
, the rearward downdrafts were enhanced slightly in the drier environment in the mature stages of the convection, Fig. 11 , but for the line-type simulations having CAPE of 4500 J kg 21 .
FIG. 12. As in
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owing to increased evaporation and sublimation of rain and snow. At 5 h, the enhancement of downdraft mass flux was maximized between 1 and 4 km AGL and between 110 and 150 km behind the gust front (Fig. 12 ). In the forward zone, in contrast, the high-CAPE downdraft mass flux was slightly reduced in strength when dry air was present. The effect of dry air on the horizontally summed downdraft mass flux at all downdraft grid points is shown in Fig. 13 . As in Cohen (2000) , a grid point was classified as a downdraft point if the vertical velocity was less than 20.5 m s 21 and the total condensate mixing ratio was greater than 0.01 g kg
21
. In each simulation, the downdraft mass flux below 6 km AGL intensified over time as the stratiform region and its associated mesoscale downdraft developed. The enhancement of the downdraft mass flux in the high-CAPE simulation having dry air is clearly evident below 5 km AGL in Fig. 13b . However, at lower values of CAPE, and also in the early stages of the high-CAPE simulation, the downdraft mass flux was either unchanged or reduced in the drier environment.
The sensitivity of the simulated downdraft mass flux to dry air is consistent with the observed changes in the rates of diabatic cooling from condensate phase changes. The two primary zones of coherent downdraft formation were coincident with the locations of maximum alongline averaged diabatic cooling, which is illustrated for four primary phase changes in the high-CAPE simulations in Fig. 14 . Downdrafts in the forward zone were generated by latent cooling from rain evaporation and hail melting, while cooling from snow sublimation, snow melting and rain evaporation contributed significantly to downdraft formation in the rearward zone. When dry air was present in the high-CAPE environment, the snow sublimation rate at 4 h was enhanced at the rear of the convective system, as snow fell into the layer of very dry air that was being drawn into the rear of the system. In the forward zone of downdrafts, the rain evaporation rate was slightly enhanced, but the hail melting rate was reduced. At times after 4 h, the enhancement of evaporation rates was less noticeable, and in the early stages of the high-CAPE simulations the diabatic cooling rates were little changed in the presence of dry air (not shown).
At lower values of CAPE, the diabatic cooling rates were unchanged or reduced in the drier environments at all times.
To rigorously establish the magnitudes of diabatic cooling that were experienced by downdraft parcels arriving in the surface-based cold pool, backward trajectory calculations were computed for the high-CAPE simulations; this approach provides a Lagrangian confirmation of the ''snapshots'' of diabatic cooling in Fig. 14. An array of trajectories was initialized at 4 h at every grid point below 2.5 km AGL, over a horizontal area spanning the along-line dimension of the model domain and extending for 100 km in the across-line direction. The placement of the trajectory domain was designed to span the extent of the surface-based cold pool, in order to determine the history of the parcels that comprised the cold pool at 4 h. The trajectories were integrated backward for 30 min using model output that was preserved at a 60-s time interval. Figures 15a-d shows the along-line averaged diabatic cooling from rain evaporation and hail melting along the prior 30-min trajectory paths. As expected, the cooling from rain evaporation was enhanced in the drier environment in both the forward and rearward zones of downdraft formation. However, the cooling from hail melting in the forward zone was significantly reduced, and consequently the total diabatic cooling was not enhanced in the forward zone (Figs. 15e,f) ; this result is consistent with the FIG. 13. As in Fig. 3 , but for the downdraft mass flux.
absence of downdraft mass flux enhancement in the forward zone.
The observed reduction in the hail melting rate in the drier environment is attributable to the reduction of the hail mixing ratio in association with the diminished updraft intensity. As discussed in section 3a(1), dry air aloft led to lower condensate mass for each hydrometeor species in every sensitivity test that was performed. In the case of rain evaporation and snow sublimation, the reduction in mixing ratios acted to partially offset the enhancement in cooling rates that would be expected in a drier environment. However, in the case of hail melting, lower humidity does not favor a greater melting rate, and thus the reduction in hail mass led directly to a diminished hail melting rate.
In the simulations having lower CAPE, the reduction in hydrometeor mass caused by dry air was more dramatic, and was sufficiently great to prevent any enhancement to diabatic cooling rates from lower humidity. Figure 16 shows that the domain-wide total rain evaporation was in fact reduced in the drier moderate-CAPE and low-CAPE environments. Thus, for CAPE of 3000 J kg 21 or lower, the reduction in convective intensity caused by dry air aloft was great enough to offset the favorable effects of dry air for downdraft development; however, for CAPE of 4500 J kg 21 , the convective intensity was hindered less, and dry air was able to cause the enhancement of downdrafts in the rearward zone.
The responses of the diabatic cooling rates and downdraft mass flux to dry air aloft were directly reflected in the strength of the surface-based cold pool in each simulation. As a robust measure of the cold pool strength, the parameter C 2 was used (Weisman 1992) , which is proportional to the integrated negative buoyancy perturbation through the depth of the cold pool:
where u r is the density potential temperature, defined as
where u is the potential temperature. The parameter g is the acceleration due to gravity, D is the depth of the cold pool as defined by the upper limit of the 21-K potential temperature perturbation, and u r is the base-state density potential temperature. strength to dry air aloft was very similar to the response of the downdraft mass flux. In the high-CAPE environments, the presence of dry air caused enhancement of the cold pool strength more than 30 km behind the gust front at 5 h, in association with the enhanced diabatic cooling in the rearward zone of downdraft formation. However, C was largely unchanged within 30 km of the gust front, and was also very similar throughout the convective system at 2 h. For the moderate-CAPE simulations, the cold pool strength was reduced at most locations in the drier environment, except within 5 km of the gust front at 5 h, where little change was observed. When the CAPE was reduced to 1500 J kg 21 , C was generally unchanged or slightly reduced in the drier environment, in agreement with the modest weakening of the overall convective intensity and the downdraft mass flux.
b. Supercells
In both the moist and dry supercell simulations, the initially isolated updraft split into a pair of long-lived storms, the stronger of which propagated to the right of the mean wind in accordance with well-established theories of supercell development (Rotunno and Klemp 1982) . After 90 min, the two storms were separated by 40-50 km, and a number of less intense convective cells had developed along the downshear side of the low-level outflow boundary produced by the storms. The region of low-level cold air generated by the convection covered an approximately circular area with a diameter of about 70 km (Fig. 20) ; however, the potential temperature perturbations within the cold pool were stronger and FIG. 16. Domain-wide total rain evaporation in the moist (solid lines) and dry (dashed lines) line-type simulations having CAPE of (1) 1500, (2) 3000, and (3) 4500 J kg 21 . For the dry simulation with CAPE of 1500 J kg 21 , the relative humidity in the dry layer was reduced to only 70%; the dry layers in the higher-CAPE simulations contained 10% relative humidity. more expansive in the moist environment than in the environment having a dry layer.
When dry air was present, the stronger right-moving supercell was reduced in size and strength, as seen in the size of the midlevel updraft (Fig. 20) , and in the intensity and spatial extent of the rain field reaching the ground (not shown). Figure 21 shows the horizontally summed updraft and downdraft mass fluxes at 1.5 h, calculated Fig. 17 , but for the line-type simulations having CAPE of 3000 J kg 21 .
FIG. 18. As in
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using the same definition of updraft and downdraft points as in section 3a; the horizontal integration was performed only over the half of the model domain that contained the right-moving supercell. Clearly the supercell in the presence of dry air aloft was significantly weaker than the storm in the moist environment. Gilmore and Wicker (1998) hypothesized that dry air aloft may sometimes weaken a supercell updraft by generating stronger low-level outflow that propagates ahead of the storm, cutting off the low-level inflow of warm, moist air. This process did not occur in the simulations reported here; the primary midlevel updraft was located close to the low-level outflow boundary in both the moist and dry environments (Fig. 20) . Moreover, the low-level outflow was weaker in the drier environment, both in terms of lowest-level potential temperature perturbation and cold FIG. 19 . As in Fig. 17 , but for the line-type simulations having CAPE of 1500 J kg 21 . The dry layer in the dry simulation contained a minimum relative humidity of 70%. pool strength C. The observed weakening of the supercell in the drier environment was instead attributable to the effects of dry air on entrainment into the convective updraft, as in the line-type simulations. The domain-wide total mass of condensate was greatly reduced from as early as 20 min (Fig. 22) , and the effect of the diminished entrainment was seen in the markedly reduced size of the primary updraft at midlevels (Fig. 20) . Despite these effects, however, the domain-wide maximum vertical velocity, which occurred within the right-moving supercell, was almost unchanged when a dry layer was present, suggesting that nearly undiluted ascent was achieved in both the moist and dry environments.
The mechanisms contributing to weaker low-level outflow from the supercells in the drier environment were consistent with the processes discussed in section 3a. Figure 23 depicts the rates of rain evaporation and hail melting at 2 h; both the evaporation and hail melting were considerably smaller in the dry environment, in response to the reduction in rain and hail mixing ratios. Thus, in these supercell simulations the detrimental effects of dry air were sufficient to more than offset the favorable effects of dry air for evaporation rates, leading to smaller downdraft mass flux and weaker low-level outflow.
The experiments discussed here contrast strongly with the results of Gilmore and Wicker (1998) , in which dry air aloft favored more intense low-level outflow. However, Gilmore and Wicker (1998) used a microphysics scheme similar to that of Kessler (1969) , which excludes ice phase processes. To assess the significance of this difference, the supercell simulations were repeated with the Kessler scheme. Figure 24 presents the analogous results to Fig. 20 , showing that the warm-rain microphysics scheme caused the outflow to be significantly enhanced when a dry layer was present. The rightmoving storm in the drier environment was greatly reduced in strength, and was very disorganized, compared to the storm in the moist environment. Based on the relative locations of the primary updraft and the low-level outflow boundary, it appears that the intense outflow of cold air in the drier environment caused significant weakening of the supercell in the manner described by Gilmore and Wicker (1998) . This result contrasts strongly with the mixed-phase simulations, in which the overall supercell intensity was hindered by the effects of dry air on entrainment rather than by excessively strong outflow.
In a further test of the microphysical sensitivity, a pair of supercell simulations was performed using the double-moment microphysics scheme of Morrison et al. (2009) . Dawson et al. (2007 Dawson et al. ( , 2008 reported that supercell simulations using multi-moment schemes were able to better match observations by producing weaker and moister cold pools than when a single-moment scheme was used. However, in the simulations performed here, the double-moment supercell cold pools were considerably colder than those produced with the Goddard scheme (cf. Figs. 20 and 25 ), and were comparable in strength to those obtained with the Kessler scheme. As it is widely believed that the Kessler scheme produces cold pools that are too strong in the early stages of convective activity (e.g., Trier et al. 1996) , this result suggests that the utility of multi-moment schemes for supercell simulations must be examined further. Nevertheless, the results obtained with the Morrison scheme are consistent with the primary emphasis of this study, as the presence of dry air in the base-state sounding caused substantial weakening of the updraft and downdraft mass fluxes (not shown), and the cold pool intensity was little changed in the right-moving storm, and was reduced in the leftmoving supercell, when dry air was present.
c. Additional experiments
Using additional simulations of the quasi-linear convective mode, a number of further experiments was performed in which the sensitivity to dry air aloft was tested using a variety of different base-state and model setup parameters. A full description of the tests may be found in James (2009); a brief summary is offered herein.
The significance of the height of the dry layer was investigated by repeating the high-CAPE line-type simulations with the dry layer centered at 2.625 and 4.125 km AGL. In every other respect, the model setup was identical to the simulations described in section 3a. As the dry layer was moved to lower elevation, the reduction in total condensation, rainfall, and hydrometeor mass became slightly more pronounced, and the updraft and downdraft mass fluxes were reduced slightly more in the upper troposphere. The low-level mass fluxes did not show a strong sensitivity to the height of the dry air. However, the cold pool strength was enhanced more strongly in the rear of the convective system when the dry layer air was lower, but C was significantly reduced at the leading edge of the system (not shown).
An additional high-CAPE simulation was performed in which the relative humidity within the dry layer was reduced to only 50%, in order to test whether moderately dry air is more favorable than very dry air for downdraft and cold pool development. This hypothesis was not confirmed, as the response of the convection to the moderately dry air was very similar to, but less pronounced than, the response in the original test using relative humidity of 10%.
Finally, a variety of high-CAPE simulations was performed in which alternative mixed-phase microphysical parameterizations and different model numerics were employed. For these tests, the horizontal grid spacing was 1000 m, which allowed numerous experiments to be conducted in a brief period of time. In the microphysical sensitivity experiments, the schemes of Thompson et al. (2004) and Gilmore et al. (2004) were tested, as well as the ''graupel'' option of the Goddard scheme. The sensitivity to model numerics was tested by using sixthorder advection with an explicit filter having three different magnitudes of the nondimensional diffusion coefficient. Considerable variability in the details of the hydrometeor distributions was observed in these experiments, but the influence of dry air was qualitatively unchanged and did not contradict the results discussed in section 3a.
Discussion
According to the numerical results presented here, dry air above the cloud base exerts generally negative effects on convective intensity, owing to the decrease in updraft growth by entrainment. In the high-CAPE linetype simulations, dry air was found to enhance the downdraft mass flux and cold pool strength at the rear of the convective system, but at the leading edge of the convection, the downdraft intensity and cold pool strength were either unchanged or reduced in every sensitivity test. The model results therefore do not support the common perception that dry air aloft favors more intense low-level cold outflow. Given the unexpected nature of these results, a reexamination of previously published studies is warranted. FIG. 25 . As in Fig. 20 , but for the supercell simulations using the Morrison double-moment microphysics scheme.
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In the first widely cited attempt to predict the potential for severe wind gusts, Fawbush and Miller (1954) reported a strong correlation between wind gusts and a ''downrush temperature'' calculated by moist adiabatic descent from the wet-bulb freezing level. Similarly, Foster (1958) found a modest correlation between wind gusts and a calculated downdraft speed, which was obtained by assuming saturated descent from a midlevel wet-bulb adiabat. The latter result, in particular, has been interpreted to mean that drier air at midlevels produces stronger downdrafts (Gilmore and Wicker 1998) . However, it is important to recognize that the correlations observed in these early studies may equally well have been produced by variations in midlevel temperature, and thus may simply reflect the wellknown effect of CAPE on cold pool strength and outflow intensity.
More recent observational studies have focused on downdraft CAPE (DCAPE) 1 and the vertical gradient of u e as useful discriminants between nonsevere and severe wind-producing convective events. In an investigation of environmental conditions associated with derecho events, Evans and Doswell (2001) concluded that DCAPE is a reasonable proxy for cold pool strength, implying a causal connection between dry air aloft and enhanced low-level outflow strength. Atkins and Wakimoto (1991) and Cohen et al. (2007) found a strong connection between the vertical gradient of u e and the likelihood of severe low-level outflow, and they suggested that low humidity aloft was the key environmental parameter favoring strong downdrafts. In these studies, however, the influence of environmental humidity was not examined separately from the influence of CAPE. Both DCAPE and the vertical gradient of u e are highly correlated with CAPE, because the lapse rate between the surface and midlevels contributes significantly to the magnitude of each of these parameters; thus, it is impossible to rigorously conclude that dry air aloft was responsible for the observed correlations.
A recent investigation that addressed the ability of relative humidity alone to discriminate between ordinary and severe wind-producing convection was reported by Kuchera and Parker (2006) . It was found that the minimum value of the relative humidity in the 2-4-km layer was slightly discriminating, and thus severe wind occurrence was slightly more likely, given the occurrence of convection, when drier air was present in the 2-4-km layer. However, Kuchera and Parker stated that ''other parameters seem to be more useful'' and that ''dry air in the midlevels is not uniquely associated with damaging winds. '' In studies that have documented the environments of derecho events, a moderately dry midtroposphere has often been observed, leading to frequent speculation that the damaging winds were partially attributable to the low humidity aloft (e.g., Johns and Hirt 1987; Duke and Rogash 1992; Bentley et al. 2000; Coniglio et al. 2004; Punkka et al. 2006 ). These studies have not demonstrated a causal relation, however. It is perhaps more likely that significant subsaturation aloft is commonly associated with an elevated mixed layer (Lanicci and Warner 1991) , which in turn is correlated with increased lapse rates and higher CAPE. In this manner, dry air aloft may be symptomatic of an environment that is favorable for severe convection, though dry air itself does not enhance convective intensity.
Turning to the literature on tropical convection, a broad consensus is found that dry air aloft is detrimental to convective intensity. Strong evidence in this direction has emerged from the focus in recent years on the frequent occurrence of ''drought periods'' over the western Pacific warm pool. Studies such as Mapes and Zuidema (1996) and Lucas and Zipser (2000) have documented the variability of deep convective activity in this region in association with the presence or absence of synopticscale areas of dry air. During the periods of reduced humidity aloft, convection is widely suppressed, owing both to the detrimental effects of dry air on entrainment (Brown and Zhang 1997) and to increased convective inhibition (Parsons et al. 2000) .
Several modeling studies have reproduced the inhibitory effects of dry air on tropical convection. For example, Lucas et al. (2000) reported simulations of convective systems that employed a base state derived from conditions observed in the Tropical Ocean and Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) project. They found that increased moisture aloft was highly favorable for the intensity of their simulated squall lines, as measured by total condensation and rainfall; in addition, the cold pools were colder when the environment was more moist. Tompkins (2001) showed using a long-duration simulation of convection over the tropical ocean that the introduction of dry air to the convective environment above the cloud base greatly inhibited the convection. The presence of dry air was regarded as inhibiting convection both by reducing the humidity and therefore the CAPE in the boundary layer, and by reducing updraft buoyancy via entrainment.
In summary, the model results reported in this study are not inconsistent with previously documented observations. The results also do not undermine the well-established concepts associated with downdraft formation in general. Beginning with studies such as Byers and Braham (1948) and Browning and Ludlam (1962) , it has long been recognized that one of the primary features of deep convection is the evaporative cooling of potentially cold midlevel air, leading to downdraft development. The existence and dynamical importance of this process, being supported by a wide variety of studies, are not in question here. Rather, this study examines the effects of a relatively moist or dry environment on both updraft and downdraft processes, and concludes that a reinterpretation of the role of relatively dry air in midlatitude storms may be necessary.
Conclusions
Numerical simulations of both quasi-linear convective systems and supercells exhibited consistent sensitivity to varying humidity above the cloud base. Without exception, dry air aloft was found to reduce total condensation, total rainfall, and total mass of each condensate species. The updraft and downdraft mass fluxes were also reduced, except below 5 km in the high-CAPE line-type simulations. In the latter experiments, the downdraft mass flux at the rear of the stratiform region was enhanced in the presence of dry air, and the cold pool strength more than 30 km rearward of the gust front was modestly increased. However, the strength of the cold pool within its leading portion was either unchanged or reduced in all of the simulations having dry air aloft.
The influence of dry air was strongly sensitive to the environmental CAPE, with the detrimental effects of dry air for updraft entrainment and convective intensity being much greater at lower CAPE. This result was interpreted using the buoyancy-sorting model of entrainment, which suggests that the range of mixing fractions resulting in positive buoyancy is more greatly reduced by dry air when parcel buoyancy is low. Thus, convection at high values of CAPE is resistant to the effects of dry air, but low-CAPE convection is highly dependent on having a humid environment in order to grow by entrainment.
The sensitivity of the downdraft mass flux and cold pool strength to dry air aloft reflected the influence of dry air on the diabatic cooling rates associated with phase changes in the downdraft-forming regions. Although dry air aloft is directly favorable for rain and snow evaporation rates, the decline in hydrometeor mixing ratios in the drier environment exerted a negative tendency on the diabatic cooling rates. In all but the high-CAPE line-type simulations, an overall decline in diabatic cooling was observed, leading to reduced downdraft mass fluxes and reduced or unchanged cold pool strength. When high CAPE was used in the linetype simulations, the detrimental effects of dry air were less pronounced, and dry air was able to enhance the diabatic cooling rate, downdraft mass flux, and cold pool strength at the rear of the stratiform region. However, in the forward zone of downdraft formation, the decline in the hail melting rate offset the enhancement in the rain evaporation rate, leading to little net change in downdraft mass flux and cold pool strength.
The inclusion of the ice phase in the microphysical parameterization was discovered to be of profound importance to the observed sensitivity to dry air aloft. When a warm-rain scheme was employed, a dramatically different result was obtained wherein dry air aloft was beneficial to downdraft and outflow strength in environments of high CAPE. This sensitivity was observed in both the squall-line and supercell simulations, and reinforces the need to include ice phase microphysics in convection-resolving simulations.
The observed reduction in convective intensity when the environment contained dry air is consistent with prevailing conceptual models of convection over the tropical oceans. However, the failure of the simulated convection to generate enhanced low-level outflow in the presence of dry air is contrary to widely prevailing notions in the severe storms literature. Previous investigations of this topic were discussed, and it was shown that documented results do not unambiguously support the idea that dry air aloft generally intensifies downdrafts and low-level outflow. A particular tendency was noted for observational studies to address the role of environmental parameters that are affected by relative humidity, but that are also sensitive to CAPE, thus leaving open the possibility that the observed correlations simply reflect the effects of CAPE on cold pool and outflow strength.
Future investigation of the effects of dry air aloft on deep convection should include both modeling and observational components. Further modeling efforts should be directed toward the detailed assessment of more sophisticated microphysics schemes, including those that predict the number concentrations as well as the mass mixing ratios of hydrometeor species (e.g., Dawson et al. 2008; Morrison et al. 2009 ). Emphasis should also be placed on obtaining robust observational results that speak to the role of environmental humidity on convective processes. In future studies it is important that attempts be made to isolate the effects of relative humidity, as in Kuchera and Parker (2006) , for example, rather than measuring environmental properties that do not have a unique relation to relative humidity. As in many previous research efforts, it is the combination of well-designed observational tests with an appropriate modeling framework that will most rapidly advance the understanding of convective responses to dry air aloft.
